Eukrohnia fowleri is reported for the first time, and behavioral, morphological, and chemical characteristics of bioluminescence in chaetognaths are examined. Until this study, the only known species of bioluminescent chaetognath was Caecosagitta macrocephala. The luminescent organ of that species is located on the ventral edge of each anterior lateral fin, whereas that of E. fowleri runs across the center of the tail fin on both dorsal and ventral sides. Scanning electron microscopy showed that the bioluminescent organs of both species consist of hexagonal chambers containing elongate ovoid particles-the organelles holding bioluminescent materials. No other luminous organism is known to use hexagonal packing to hold bioluminescent materials. Transmission electron microscopy of particles from C. macrocephala revealed a densely packed paracrystalline matrix punctuated by globular inclusions, which likely correspond to luciferin and luciferase, respectively. Both species use unique luciferases in conjunction with coelenterazine for light emission. Luciferase of C. macrocephala becomes inactive after 30 min, but luciferase of E. fowleri is highly stable. Although C. macrocephala has about 90 times fewer particles than E. fowleri, it has a similar bioluminescent capacity (total particle volume) due to its larger particle size. In situ observations of C. macrocephala from a remotely operated vehicle revealed that the luminous particles are released to form a cloud. The discovery of bioluminescence in a second chaetognath phylogenetically distant from the first highlights the importance of bioluminescence among deep-sea organisms.
Introduction
Bioluminescence, the natural production of light, is used for a variety of purposes in marine organisms. It is used by both predators and prey in a wide range of offensive and defensive functions (Widder, 2002; Haddock et al., 2010) , and it is occasionally involved in the detection of mates (Herring, 2007) . Given the taxonomic variety of organisms that have evolved bioluminescence and the range of functions it serves, it is no surprise that many morphological adaptations have evolved to produce and deliver bioluminescent molecules and to produce bioluminescent displays (Herring, 2000) . These include photophores for camouflage, glands and particles for distractive displays, and intrinsic luminescence for warning broadcasts.
The importance of bioluminescence in the ocean is underscored by the fact that almost all marine animal phyla have members that possess the ability to produce light (Shimomura, 2006; Haddock et al., 2010) , and the marine phylum Chaetognatha is no exception. In nearly all bioluminescent invertebrates, from cnidarians to squid, emission of light occurs via specialized photocytes. These cells contain luminous materials: luciferin and either luciferase or a luciferin-binding photoprotein. Luciferin is the generic name for the small molecule that produces light upon oxidation, and the luciferase or photoprotein is the speciesspecific enzyme that catalyzes the reaction.
Although marine luciferins are well conserved across phyla and often acquired from an organism's diet, lucif-erases and photoproteins are encoded in the genes of the luminescent organism itself (reviewed in Haddock et al., 2010) . Photocytes are often clustered into light organs of varying sizes. These structures are triggered to flash by ionic events initiated by the nervous system (e.g., Dunlap et al., 1987; Anctil, 1987) , and in some cases, luminescent chemicals are secreted into the water (Rivers and Morin, 2008) . For example, in scale worms, the bioluminescent emission can be associated with shedding of photocyte-containing tissues (Bassot, 1987; Bassot and Nicolas, 1995) , and in the vampire squid, the production of a luminous cloud is partly facilitated by the mechanical motion of the animal distributing glowing particles into the water (Robison et al., 2003) .
Chaetognaths are relatively small (2 to 120 mm) predatory worms that are abundant from the tropics to polar regions . Haddock and Case (1994) reported the first known species of bioluminescent arrow worm, Caecosagitta macrocephala (Fowler, 1904) , a deepliving species usually found at depths greater than 700 m. Although C. macrocephala is relatively common and frequently well described, its luminescence had not been observed during 90 prior years of collections. Haddock and Case (1994) reported the in situ production of bioluminescent clouds from three chaetognaths seen through the viewing port of a submersible. When obtained by subsequent trawling collections, specimens of C. macrocephala were found to produce comparable luminous displays in the laboratory. In that study, light production could not be elicited from another deep-sea chaetognath, Eukrohnia fowleri Ritter-Záhony, 1909, probably owing to net damage to the fragile light organs. Working with C. macrocephala, Haddock and Case (1994) found that light was produced by a luciferin-luciferase reaction, and that the luciferin involved was coelenterazine, the light-emitting substrate used by at least nine phyla of marine organisms (Haddock et al., 2010) . Herein, we report on a second species of chaetognath, Eukrohnia fowleri, that produces bioluminescence. We also provide in-depth observations on the morphology, chemistry, and ultrastructure of the unique honeycomb-like structures of both species of bioluminescent arrow worms.
Materials and Methods

Animal collection and in situ observations
Specimens were collected during cruises of the RV Western Flyer and RV Point Lobos using the sampling systems of the remotely operated vehicles (ROVs) Tiburon and Ventana. Both the detritus samplers and suction samplers were used to capture animals. Cruises took place in Monterey Bay and offshore of Central California throughout the year, from 2001 to 2007. The ROV Tiburon is a relatively quiet electric vehicle that has an array of four DeepSea Power & Light 400-W hydrargyrum medium-arc iodide (HMI) lamps producing illumination in the daylight range (Ϸ5600 K). The ROV's high-resolution color camera was used to take video of each specimen before capture. Videos of each ROV dive were annotated and became records in the VARS database at the Monterey Bay Aquarium Research Institute (MBARI) (Schlining and Jacobsen Stout, 2006) . The annotations in this database provided records of the occurrence of both species. Because more time is spent observing at shallower depths, the absolute distribution for animals living below 1000 m is difficult to evaluate. However, because each dive has a chance to see both species, their vertical distribution patterns relative to each other can be compared. Habitat depths of the two chaetognath species under investigation were expressed as minimum depth of occurrence, the depth below which 90% of the population can usually be found (Childress, 1975) .
Microscopy
Aboard ship, specimens were fixed in 5% borax-buffered formaldehyde in filtered seawater or in 2% glutaraldehyde/2% formaldehyde in phosphate buffer. Specimens were prepared for scanning electron microscopy (SEM) following the procedures of Thuesen and Bieri (1987) and Thuesen et al. (1988) . In brief, specimens were placed into Reichert capsules, dehydrated through a graded ethanol series, placed into acetone, and critical-point dried. Specimens were then sputter-coated with gold/palladium and observed using a JEOL JSM-6480LV scanning electron microscope. Specimens were prepared for transmission electron microscopy (TEM) by being dehydrated in ethanol and embedded in LR White before being thin-sectioned. Specimens were then observed using a JEOL 1200EX transmission electron microscope. Where needed, brightness and contrast of images were adjusted in a linear fashion using the Levels option of Adobe Photoshop, ver. 7.0. The graphical analysis program ImageJ, ver. 1.41o (National Institutes of Health) was used to measure morphological parameters on scanning electron micrographs. The area (A) of particle chambers was calculated from the mean edge length (l) using the equation for a regular hexagon in which A ϭ (6al)/2, where a is the apothem. Particle volume (V) was estimated using the equation, V ϭ · r 2 h Ϫ 4/3 · r 3 , where r is the radius of the particle and h is particle length.
Biochemical characterization of luciferases
Luciferase was extracted from the light organs of both Eukrohnia fowleri (tails) and Caecosagitta macrocephala (lateral fins). Initially, light organs of each animal (one animal per extraction) were homogenized and centrifuged at 16,000 ϫ g at 4°C for 20 min to pellet any suspended material. Tails of E. fowleri were homogenized in 10 mmol l -1 Tris-HCl containing 0.5 mol l -1 NaCl, and fins of C. macrocephala were homogenized in 100 mmol l -1 sodium phosphate buffer pH 7.4 with 0.75 mol l -1 NaCl. The light organs of C. macrocephala are small and difficult to dissect without losing luminescent particles, so the method of extraction for this species was modified. An entire animal was placed in a cryovial with 0.5 ml of 100 mmol l -1 sodium phosphate buffer, 0.5 mol l -1 NaCl, pH 7.8, and shaken to stimulate particle release, after which the animal was removed. After centrifugation, the supernatant was tested to determine the physical properties of each luciferase. All samples were kept on ice when possible and frozen overnight between treatments.
Eukrohnia fowleri extractions were tested for cross reaction with coelenterazine to determine whether the luminescence chemistry is similar to that of C. macrocephala (Haddock and Case, 1994) . Protein assays of both species were conducted by injecting 20 l of coelenterazine buffer solution into each luciferase sample and measuring the light emitted in relative light units (RLU), using a Tecan Infinite M200 luminometer. The coelenterazine buffer consisted of 50 mmol l -1 Tris-HCl with 2 g ml -1 of coelenterazine. Solid coelenterazine was supplied by Osamu Shimomura (Marine Biological Laboratory, Woods Hole, MA) and Bruce Bryan (Prolume Ltd., Pinetop, AZ). Eukrohnia fowleri light organs were in limited supply because the animals are more difficult to collect, so they were available only for performing initial tests. Luminescence spectra were measured from extracts using a Roper Scientific back-illuminated CCD camera mounted to an Acton/Princeton Instruments SpectraPro monochromator. Spectra from live animals were obtained using an OceanOptics QE-65000 spectrometer through a UV-transmitting fiber optic light guide.
Luciferase activity was tested in a variety of buffer environments to identify optimal conditions for C. macrocephala enzyme activity and total light emission. Activity in sodium phosphate (100 mmol l -1 ) buffers was quantified in salinity concentrations ranging between 0 mol l -1 and 2 mol l -1 at 0.25 mol l -1 increments (pH 7.4) and at increasing pH levels from 5.8 to 8.5 pH units (with NaCl fixed at 0.75 mol l -1 ). In addition, Triton-X, dithiothreitol (DTT), glutathione, glycerol, gelatin, bovine serum albumin (BSA), and sucrose (all obtained from Fisher or Sigma) were tested as stabilizers in both 100 mmol l -1 sodium phosphate buffer and 10 mmol l -1 Tris-HCl buffer. Protein in each of these stabilizer treatments was subjected to incubation in the following conditions: 16 h at 4°C; 16 h at -20°C; and 16 h at -20°C followed by 4 h at room temperature.
Results
In situ observations
The MBARI video archive included 7513 geolocated in situ records annotated as Caecosagitta macrocephala and 2124 records for Eukrohnia fowleri. The main collection area was a rectangular region spanning from 37°05ЈN, 125°20ЈW in the northwest to 34°20ЈN, 12°17ЈW in the southeast. The minimum depth of occurrence (MDO) for C. macrocephala was 680 m, and it was 1095 m for E. fowleri (Fig. 1) . The MDO for E. fowleri is somewhat deeper than that estimated previously (700 m) using nets in a location further offshore to the south (Thuesen and Childress, 1993 ). The ROV pilots were able to maneuver the 3300-kg vehicle and capture individual chaetognaths, even though the target specimens often tried to flee when sensing the motion of the approaching ROV.
Although practically never seen in net-caught specimens, the bioluminescent organs of both C. macrocephala and E. fowleri can be seen clearly in living individuals in situ or captured using the ROV (Fig. 2) . On one occasion, a specimen of C. macrocephala was observed in situ to shed bioluminescent particles into the water at a depth of 1274 m ( Fig. 3 , and video at http://www.biolbull.org/supplemental/). This specimen left a cloud of particles that could be seen in the bright lights of the submersible. The cloud was visible due to illumination from the ROV and not due to light released through bioluminescence, which would be far too dim to detect under the illumination conditions. The chaetognath flexed its body, snapped around 180°from its starting position, and darted several body lengths away from the cloud. The chaetognath then looped 180°again and came back into the cloud. The escape and return sequence lasted less than 1 s. The resulting particle cloud was roughly one-third of a body length of the chaetognath, and the double-ring shape gave the impression that it was produced from both right and left lateral fins (Fig. 3L ). This escape/ return behavior has been seen in roughly 10% to 20% of the specimens that were approached closely enough to be disturbed by the ROV. In contrast, E. fowleri seems to consistently perform a linear escape swim when observed from the ROV. Although we have observed hundreds of individuals of E. fowleri from the ROV, including escape responses, we have never been able to see release of their bioluminescent particles in situ.
Bioluminescent organ of Caecosagitta macrocephala
Under SEM, the bioluminescent organs of C. macrocephala were seen to lie along the edges of the ventral sides of the posterior two-thirds of the anterior lateral fins (Fig.  4) . The structure is composed of a rough honeycomb-like set of membrane-bound chambers that house particles that resemble long ovoid-shaped grains of rice. These particles were 19.5 Ϯ 0.9 m in length and 4.2 Ϯ 0.3 m in width. There appeared to be only one layer of particles in each chamber. Micrographs showed that each of the honeycomb chambers has a nucleus at the base (Fig. 5A, B) , and each chamber is apparently one cell containing 12-16 bioluminescent particles. On the basis of the SEM images of the entire light organ, each C. macrocephala specimen was estimated to have about 8000 luminous particles in each of its light organs (Table 1) . Ultrastructural observations on a cross section of the light organ showed that bioluminescent particles are densely packed with uniform "droplets" embedded in a striated paracrystalline matrix (Fig. 5C, D) ; the two materials are recognizable by different patterns of electron density. In some cells, the internal structure of the particles had been disrupted (Fig. 5D ), leading to a loss of the distinction between the two types of material.
Bioluminescent organ of Eukrohnia fowleri
The bioluminescent organs of E. fowleri lie as relatively wide bands (0.3 ϫ 3.5 mm) across both the ventral and dorsal sides of the tail fin ( Fig. 2B and Fig. 4 ). They stretch from left to right edges of the tail fin, overlapping the most posterior part of the tail segment (Fig. 6 ). They lie anterior to the row of ciliary fences of the tail fin. The structure is composed of a honeycomb-like set of hexagonal chambers (Fig. 4C ) that house particles that resemble short stubby grains of rice (Fig. 4D) . These bioluminescent particles were observed to be 2.7 Ϯ 0.2 m in length and 1.3 Ϯ 0.1 m in width, much smaller and rounder than those of C. macrocephala. Each individual was estimated to have approximately 700,000 luminous particles embedded in each of its light organs (Table 1) . Upon mechanical stimulation in the laboratory, a display of bioluminescent particles was observed, during which less than half of the particles were released (Fig. 6) .
Biochemical characterization
Luciferase extracted from Caecosagitta macrocephala emitted light with a maximum at 467 nm (Fig. 7) , and light from the live animal, despite a low signal that made it difficult to measure, was roughly the same (472 nm). These wavelengths are typical of deep-sea animals, matching the transmission properties of the water and the visual capabilities of organisms living at those depths (Haddock and Case, 1995) . Caecosagitta macrocephala luciferase was unstable even when freshly extracted, and it became inactivated rapidly during experiments, whether sitting on ice for 30 min or after a single freeze-thaw cycle. As determined for C. macrocephala (Haddock and Case, 1994) , we found that E. fowleri luciferase also produces light by oxidizing coelenterazine. The luciferase of E. fowleri is much more stable than that of C. macrocephala and was able to produce light after several hours on ice, even after multiple freeze-thaw cycles. The instability of C. macrocephala luciferase prompted the testing of seven biochemical stabilizing agents: glycerol, glutathione, Triton-X, DTT, BSA, gelatin, and sucrose. After 16 h at 4°C or 16 h at -20°C followed by 4 h at room temperature, the only samples that were able to luminesce appreciably in response to coelenterazine addition were those containing gelatin (Fig. 8) . Gelatin (1% w/v) was subsequently used in buffers for C. macrocephala tests, and samples were able to withstand multiple treatments including attempted ion exchange chromatography purifications (data not shown). Though the samples were effectively stabilized, gelatin is likely acting by sequestering the luciferase into protective pockets (Osamu Shimomura, Marine Biological Laboratory, Woods Hole, pers. comm., 2008) so that kinetic and other fundamental properties measured under these conditions may not reflect natural traits. For this reason, gelatin was omitted from luciferase activity tests, and each test was conducted on a separate fresh sample.
Increasing the pH of the phosphate buffer increased luminescence up to at least pH 8.5, the highest pH tested (Fig.  9A) . Triplicate tests of luciferase activity in salinity concentrations between 0 mol l -1 and 2 mol l -1 NaCl at 0.25 mol l -1 increments indicated that the presence of NaCl is necessary for the reaction to take place, as might be expected for a marine luciferase. Samples were initially extracted in buffer containing 0.75 mol l -1 NaCl, so even samples transferred and incubated in 0 mol l -1 NaCl buffer contained a small amount (Ͻ0.1 mol l -1 ) of residual salt. Maximum light was emitted at 0.5 mol l -1 NaCl, but the luminescence was still detectable at the highest concentration tested, 2 mol l -1 NaCl (Fig. 9B ).
Discussion
The existence of a second species of chaetognath that has evolved the capacity to produce bioluminescence is remarkable in the similarities and differences that are observed. The hexagonal packing of luminescent particles is unique to the chaetognaths even though these two species are phylogenetically distant within the phylum: Caecosagitta macrocephala is in the order Aphragmophora, and Eukrohnia fowleri is in the order Phragmophora. The divergence of these two chaetognath orders is supported by both morphological and molecular evidence (Bieri, 1991; Papillon et al., 2006) . A comparison of the morphological characteristics of these two species (Table 1) shows that the luminescent particles produced by E. fowleri are much smaller than those produced by C. macrocephala, but the hexagonal chambers and overall size of the E. fowleri bioluminescent organ itself are much larger, containing almost 90 times more particles than the bioluminescent organs of C. macrocephala. As a result, C. macrocephala has roughly the same biolumines- (Terazaki and Miller, 1982) are clearly seen in each marsupium (m). Total lengths of C. macrocephala and E. fowleri are 21 and 40 mm, respectively. cence delivery potential as E. fowleri, since the size of each particle is so much greater. In both species, specimens that had been disturbed during collection have lost the entire bioluminescent structure, along with vacuolar "collarette" material that runs along the length of the trunk in C. macrocephala (visible in Casanova, 1992) . This matches the poor condition of most net-caught specimens and explains why the luminescence went unnoticed for nearly 100 years of observations.
The most well-known hexagonal biological structure is the honeycomb, but other biological structures are packed in hexagonal arrangements. For example, ommatidia in the eyes of arthropods (Beersma et al., 1975; Cronin and Jinks, 2001) , integumental platelets of sapphirinid copepods (Chae The elapsed time from frame A to K is 1.00 s. The total length of the chaetognath is Ϸ20 mm. The width of the bioluminescent particle cloud is Ϸ5.5 mm. Brightness and contrast were adjusted slightly to maximize visualization of the particle cloud. A half-speed color video, which was shot in situ at 1274 m depth, is available as supplemental material (http://www.biolbull.org/supplemental/). and Nishida, 1994), epithelial cells in the wings of fruitflies (Classen et al., 2005) , and nests in Royal Tern colonies (Buckley and Buckley, 1977) are all found in hexagonal arrangements. A hexagon is the most efficient structure to hold contents, since it uses the least amount of structural material per unit area (Hales, 2001) . Localized disturbances of hexagonal packing of epithelia cells, whereby other polygons become interspersed with hexagons, is not uncommon (Gibson et al., 2006) , and this is seen in both species of bioluminescent chaetognath. We know of no other bioluminescent organism that has evolved a hexagonal packing system to contain bioluminescent materials.
Luminous clouds are produced by many kinds of marine organisms, including copepods, shrimps, polychaetes, cephalopods, medusae, and ctenophores, among others (reviewed in Haddock et al., 2010) . Most of these eject some form of mucus-rich spew, while others eject scintillating particles. The bioluminescent system most morphologically similar to that of chaetognaths belongs to the deep-sea vampire squid, Vampyroteuthis infernalis (Robison et al., 2003) . The ventral side of the arm tips of V. infernalis contains clusters of bioluminescent particles that can be released into the water, forming a bioluminescent cloud. A recently discovered bathypelagic polychaete, Swima bombiviridis, can release a few large, ovoid bioluminescent "bombs" that are about 1-3 mm in length (Osborn et al., 2009 ), or about 50 -1000 times more voluminous than chaetognath particles. Other animals that are thought to pack their luminescing chemicals in intracellular paracrystalline bodies include polychaete worms, decapod shrimps, euphausiids, squids, and an angler fish (Herring, 1978; Bassot and Nicolas, 1995; Nowel et al., 1998) .
There are several hypotheses regarding the function of luminescent displays in chaetognaths. Because the cloud of light is apparently emitted during a startle response as the ROV approaches, it was initially suggested to serve as a distractive display to confuse and ward off predators (Haddock and Case, 1994) . The discovery of a second luminescent species is still consistent with this hypothesis, as the light organ is also associated with a fin and can thus be stimulated during vigorous and sudden swimming motions. Another possible function of bioluminescence in chaetognaths is related to their predation on copepods. Most chaetognaths have eyes that can detect light but are not capable of forming discrete images (Goto et al., 1984) . Chaetognaths detect prey primarily through mechanoreception, using ciliary fences along the body and fins (Horridge and Boulton, 1967) . It is possible that bioluminescence produced by chaetognaths startles the prey into swimming away, thereby making it detectable to the ciliary receptor organs of the chaetognath.
Luminescence commonly functions in organisms that cannot themselves perceive the light (medusae, dinoflagellates, etc.); however, some species of luminescent organisms have the ability to use bioluminescence during intraspecific interactions (Herring, 2007; Haddock et al., 2010) . Both C. macrocephala and E. fowleri have fairly large eyes adapted to sense light at low levels (Ducret, 1978; Goto et al., 1989) . The eyes of C. macrocephala lack the pigment cell that is characteristic of most epipelagic and mesopelagic chaetognaths (Goto et al., 1989) , while the pigment cell of E. fowleri has been reported to enlarge during the night (Ducret, 1975) . There have been no electrophysiological studies of chaetognath photoreceptors, but chaetognaths are known to be phototactic (reviewed in Bone and Goto, 1991) . Additionally, aiming behavior on light targets has been demonstrated in two species of epipelagic chaetognaths Yoshida, 1981, 1983; Sweatt and Forward, 1985a, b) , indicating that chaetognaths may be able to see bioluminescent displays. However, more work on chaetognath photoreception is needed to show whether bioluminescence plays a role in the intraspecific interactions of deep-sea chaetognaths. Such behaviors are clearly difficult to study in the deep sea, but they warrant further examination.
The luciferases of E. fowleri and C. macrocephala, while differing in their stabilities, both use coelenterazine as the substrate to produce light. Many groups of organisms including cnidarians, ctenophores, radiolarians, shrimp, ostracods, squid, chaetognaths, ophiuroids, larvaceans, and deepsea fishes produce light by oxidizing coelenterazine, although each organism makes its own luciferase to catalyze the reaction (Shimomura, 2006; Haddock et al., 2010) . Both of the luminescent species of arrow worm, despite coming from widely separated orders within the phylum, share the relatively uncommon trait among chaetognaths of having an orange-pigmented gut lining (Terazaki et al., 1977) . Orange guts are thought to mask bioluminescence of ingested prey, and this suggests that these species feed particularly upon luminous copepods. It is possible that chaetognaths are unable to produce their own coelenterazine and rely on luciferin obtained from their diet, as has been found with other organisms (Tsuji et al., 1972; Haddock et al., 2001) . The indication that these two chaetognath species both have Ϸ3,400,000 Ϸ3,600,000
Particle sizes measured on scanning electron micrographs with ImageJ are mean Ϯ standard deviation (n ϭ 15 for all measurements). Those displayed without SD are calculated from the mean values of the other measurements. Figure 6 . Fluorescent microscopy of the bioluminescent organ of Eukrohnia fowleri before (A) and after (B) mechanical stimulation in the laboratory. Less than half of the particles were ejected during one bioluminescent event in the laboratory during which light production of the particles was observed. Scale bars: 500 m. a ready supply of luciferin from their diet may help to explain how bioluminescence has evolved convergently within two phylogenetically distant members of the phylum.
Caecosagitta macrocephala luciferase exhibits instability properties that are comparable to those of the membranebound luciferase of the firefly squid, Watasenia scintillans (Teranishi and Shimomura, 2008) , even though their bioluminescent pathways are different. One indication that a luciferase is membrane-bound is that the supernatant of a 400 450 500 . Light emission spectra of chaetognath bioluminescence from Caecosagitta macrocephala. Extracted luciferase combined with luciferin (solid line) has a maximum emission of 467 nm. Due to the small size of the light organ and short duration of light production, the spectrum of the live organism was noisy (grey spots) and at the detection limit of the spectrometer. A log-normal curve (dashed line), typical of bioluminescent spectra, was fit to the data using Matlab, ver. R2007b, resulting in a predicted maximal emission at about 472 nm. centrifuged light-organ homogenate does not glow. However, in the case of C. macrocephala, the supernatant of the centrifuged extractions did glow, indicating that the luciferase was probably not bound to particles. The cause for the instability of this luciferase is yet to be determined.
The functional mechanics of light emission by particles remain unknown. Luciferin and luciferase must be sequestered together in the particles, as suggested by the electron micrographs and the fact that liberated particles contain the constituents needed to produce light. In other organisms, there are luciferin-binding proteins that prevent the oxidation of coelenterazine until it is released from the binding pocket (e.g., Titushin et al., 2008 , for the sea pansy Renilla muelleri). Some TEM images contain suggestions of compromised particles, in which the contents of the organelle have gone from a paracrystalline state to a state in which the components have been mixed and cross-reacted (Fig. 5D) .
We hypothesize that upon release into the seawater, the membrane of the organelle is compromised, exposing the interior of the particle to either (1) ionic triggers acting on a luciferin-binding protein or (2) oxygen that is otherwise sequestered from the particle interior. Although many photocytes in other organisms are stimulated to luminescence by nervous conduction, the fact that these particles will flash and glow once detached from the chaetognath indicates that the particles are being passively disrupted when exposed to the seawater. Other species of luminous chaetognaths may yet be discovered. We have looked unsuccessfully for luminous organs in species from another orange-pigmented genus, Heterokrohnia, but these extremely deep-living species are difficult to recover alive, even using ROVs. The cloning and characterization of the novel luciferases from these chaetognath species will be a fascinating glimpse into the evolution of coelenterazine-based bioluminescence.
